Object. Surgical treatment of gliomas is difficult because they are invasive. Invasion of essential cortex often limits or precludes surgical resection. A tumor model was developed in which the rodent whisker barrel cortex was used to examine how gliomas affect cortical function and structure.
significant neurological dysfunction, even in the absence of a significant mass or recurrence of bulk disease. [23] There is often substantial "silent" tumor growth in the cortex without significant clinical symptoms and signs; cortical areas grossly involved with tumor appear to retain normal function. [19, 25] The involvement of cortex subserving known functions, which is present by the time these neoplasms are manifest, limits or even prevents surgical treatment, which may adversely affect patient outcome. [1] To investigate the biology of these invasive neoplasms in relation to the structure and, ultimately, the function of a well-defined cortical area, a model was developed that involved the use of the rodent whisker barrel cortex. [29, 31] The whisker barrels coincide with the primary somatosensory cortex that represents the face in many rodents. [33] A barrel in layer IV is a group of cells related to the corresponding whisker on the opposite face. The barrel cortex was originally recognized as whisker-activated cortex, [30] and later visualized as a whiskerlike array when the brain is cut into sections tangential to the surface of the brain. [31] The unique and highly specific cytoarchitecture makes this an ideal model for a wide range of experimental studies. This cortex and the trigeminal pathway leading to it has been used extensively as a neurodevelopmental, functional, and behavioral model of normal brain. It has also been exploited as a model for evaluating the control of cerebral blood flow and pathological entities such as cerebral ischemia. [9, 13, 28] The stereotypical anatomy of this cortical region ( Fig. 1 ) enables precise determination of the pathological derangements caused by tumor growth and invasion. The barrel cortex has been well studied. In particular, functional responses to whisker stimulation can be rapidly evaluated with optical imaging and functional magnetic resonance (MR) imaging. [9, 13, 36] Established rat and mouse models of malignant glioma are available. We targeted these cells to study the effects of tumor growth on the barrel cortex and are unaware of any previous description of the whisker barrel cortex in the context of neoplasia or any other animal models of gliomas in defined functional regions of the brain. Fig. 1 . Schematic drawing showing the projection of the gridlike pattern of whiskers on the rodent face to the gridlike pattern of barrels in layer IV of the contralateral somatosensory cortex. Each whisker and its homologous barrel are uniquely identified by a letter-number code, A1, E5, and so forth. Dil-labeled glioma cells were injected into the center of the barrel field through a small craniostomy targeted by surface landmarks. a = anterior; d = dorsal; m = medial; SmI = somatosensory cortex; WM = white matter.
MATERIALS AND METHODS

Cell Lines
Rat C6 Cells. The C6 rat glioma cell line was originally isolated from an intracranial tumor in a rat exposed to N-nitroso-methyl-urea and is a reliable cell line model for glioblastoma. [2] [3] [4] 6, 7] For this experiment, C6 cells frozen in culture medium with 5% dimethylsulfoxide were thawed, washed with magnesium-free Hank's balanced salt solution (HBSS), and grown in Dulbecco's modified Eagle's medium (DMEM) with 15% heat-inactivated fetal calf serum, 0.2 mM glutamine, 50 mg/ml neomycin, 100 mg/ml penicillin, and 100 mg/ml streptomycin. The cells were then plated in T-75 culture flasks for incubation in a 5% CO 2 humidified atmosphere at 37°C and used at low passages.
Mouse DBT Cells. The DBT cell line was originally generated from an intracranial tumor induced in an adult mouse after intracerebral injection of a Rous sarcoma virus. [15] These cells were grown in T-75 culture flasks in the same manner described for the C6 cells.
In vitro Fluorescent Labeling of Tumor Cells. The feeding media of cells in culture at 60 to 80% confluence (exponential growth phase) was aspirated and the cells were rinsed with HBSS. The lipophilic fluorescent dye Dil was dissolved in 100% ethanol to a stock concentration of 10 mg/ml. Cell labeling was accomplished by bathing the cells with 0.4 ml stock Dil solution with 9.6 ml feeding medium in the T-75 flasks. Forty-eight hours later, immediately prior to injection, the mixture of Dil and feeding media was aspirated and the cells were washed with HBSS. Standard feeding medium was placed in the flask and the cells were examined using a fluorescence microscope with a rhodamine filter to evaluate labeling.
Preparation of Cells for Injection.
Feeding medium was aspirated from flasks of labeled cells and 3 ml of 0.5% trypsin-ethylenediaminetetraacetic acid was added for 1 minute. When the cells were suspended, the trypsin was inactivated by adding 7 ml DMEM with fetal calf serum. The suspended cells were centrifuged at 250 G for 10 minutes at 4°C, and the cells were resuspended in 2 ml DMEM. An aliquot of cells was aspirated, stained with trypan blue dye, and counted with a hemocytometer. The cells were once again centrifuged and resuspended in serum-free DMEM to a concentration of 200,000 C6 cells/µl or 150,000 DBT cells/µl and cooled on ice for immediate injection.
Animal Preparation
Induction of Anesthesia. Adult male Wistar rats weighing 250 g and adult male BALB/c mice weighing 25 g were used in the experiments. All animal protocols were approved by the Division of Comparative Medicine and meet or exceed Association for Assessment and Accreditation of Laboratory Animal Care International and National Institutes of Health standards. The mice were anesthetized with 25 mg/kg ketamine, 5 mg/kg xylazine, and 2.5 mg/kg acepromazine via intraperitoneal injection. The rats were anesthetized using a mixture of 10 ml ketamine (100 mg/ml) and 1.5 ml xylazine (100 mg/ml) and injected with 0.1 ml/100 g intraperitoneally. All operations were performed on the rodent's left side with magnification provided by either loupes or a wall-mounted microscope. Tumor cells were injected into groups of five animals on the same day.
Rat Surgery. After induction of general anesthesia, a midline scalp incision was made and the periosteum was pulled down sharply; the coronal and lambdoidal sutures were identified. The temporal muscle was freed sharply from the frontal crest (analogous to the superior temporal line in humans) and retracted with No. 4-0 silk suture. A high-speed drill with a 2-mm cutting burr was used to make a craniostomy at the frontal crest 1 to 2 mm anterior to the midpoint between the coronal and lambdoid sutures (cranial landmark for the barrel field). A 10-µl Hamilton syringe with 5 µl of cells was lowered into the cortex with a micromanipulator, and 10 6 C6 cells in suspension were injected during 1-to 2-minute period. The needle was removed, the wound was irrigated with saline, and the craniostomy site was sealed with super glue. The wound was irrigated again, and the scalp closed with No. 4-0 silk sutures.
Mouse Surgery. After incising the scalp in the midline, the periosteum was pulled down sharply. The barrel field is located in the distribution of the middle cerebral artery (MCA) territory in the parietal cortex and is drained by large cortical veins that can be easily seen through the skull. The barrel field itself is devoid of these large cortical veins and it is in this area devoid of veins along the MCA that the barrel field is reliably localized. [8] Because the mouse skull is translucent, the location of the whisker barrel cortex was identified using these vascular landmarks. A 1-mm cutting burr was used to make a craniotomy over the center of the barrel field and a 5-µl Hamilton syringe with 3 µl of suspended DBT cells was lowered through the craniostomy into the cortex by using a micromanipulator; 4.5 X 10 5 tumor cells were injected. The craniostomy and scalp were closed as described earlier for the rats.
Magnetic Resonance Imaging Studies
Rat Studies. Proton T 2 -weighted MR images were collected using fast spin echo with an effective echo time (TE) of 80 msec. The images were acquired using the following parameters: 5-second repetition time (TR), 20-msec echo spacing time, 256 X 256 data matrix size (resulting in a plane resolution of 117 µm), 1-mm slice thickness, and 3 X 3 cm 2 field of view (FOV). The rats were anesthetized with halothane/oxygen prior to the acquisition of MR images. All images were acquired using a 3-cm internal diameter quadrature radiofrequency coil. Body temperatures were maintained at 37°C by using a heating pad.
Mouse Studies. Proton T 2 -weighted and diffusion-weighted spin-echo MR images were acquired using a 1.5-cm outer diameter circular surface receiver coil and a 12-cm inner diameter Helmholtz transmit coil. The T 2 -weighted images were acquired using a 3-second TR, 50-msec TE, 128 X 128 data matrix (resulting in a plane resolution of 117 µm), 0.5-mm slice thickness, and 1.5 X 1.5-cm 2 FOV. The diffusion-weighted images were acquired using a 1.5-second TR, 42-msec TE, 128 X 128 data matrix (117-µm plane resolution), 1-mm slice thickness, and 1.5 X 1.5-cm 2 FOV. The mice were anesthetized with a mixture of halothane and oxygen prior to the acquisition of images and their body temperatures were maintained at 37°C by using a heating pad.
Tissue Preparation
Some animals became symptomatic (lethargic or hemiparetic) 6 to 14 days after tumor cell injection. Symptomatic and asymptomatic animals in a group were given an overdose of anesthetic agent and perfused transcardially with heparinized saline followed by buffered 4% paraformaldehyde. The rodent brains were removed and placed in 4% paraformaldehyde with 30% sucrose for 24 to 48 hours at 4°C until the specimens sunk. Whole-brain specimens were photographed using direct and fluorescent illumination. The cerebral cortex was dissected from the thalamus, following which it was flattened, frozen, and cut serially with a vibratome into 50-µm sections tangential to the pia mater in a plane parallel to the cortical layers. [26] The sections were collected in phosphate buffer, mounted on slides with mounting medium, coverslipped, sealed, and examined, and photographed using fluorescence and dark-field microscopy. After photography, the cover slips were removed and the sections were floated in phosphate buffer and prepared for staining with cytochrome oxidase.
Cytochrome Oxidase Staining
Histochemical investigation for the mitochondrial enzyme cytochrome oxidase provides excellent visualization of the whisker barrels. [34, 35] Briefly, the tissue sections were incubated in a solution of cytochrome C (22 mg), diaminobenzidine tetrachloride (50 mg), and sucrose (4 g) in 45 ml distilled water/45 ml 0.2 M sodium phosphate buffer at 37°C for 2 to 4 hours in the dark. The sections were rinsed three times in 0.1 M phosphate buffer, mounted on slides, and allowed to dry. The slides were cleared in xylene for 1 hour and coverslipped with DPX.
Camera Lucida Techniques
Sections stained with cytochrome oxidase were drawn through a light microscope equipped with a camera lucida drawing tube. Serial sections of the barrel field and tumor were aligned and traced with perforating vessels as fiducial markers. Drawings were scanned into a computer equipped with photographic and drawing software.
Anatomical Correlation of Images
Complete MR imaging series through the brain from the occipital pole to the frontal pole were collected at slice thicknesses of 1 mm in the rat and 0.5 mm in the mouse. From these, the level of each coronal MR imaging slice was determined on the gross brains. Landmarks (thalamus, hippocampus, ventricles, and so forth) were used to made a reasonable estimate as to the location of the barrel field on the MR images by comparing them to coronal sections in standard rodent brain atlases. Finally, the location of the MR imaging coronal slices relative to the barrel field reconstructions were determined using the position of the MCA relative to the barrel fields and as projected on the gross specimens.
Sources of Supplies and Equipment
The C6 rat glioma cells were obtained from American Type Tissue Collection (Rockville, MD) and the Wistar rats and BALB/c mice from Charles River Laboratories (Wilmington, MA). The dimethylsulfoxide was purchased from Sigma Chemical Co. (St. Louis, MO) and the HBBS, DMEM, trypsin-ethylenediaminetetraacetic acid, and trypan blue dye from Gibco BRL (Grand Island, NY). Fetal calf serum was obtained from Gemini Bioproducts (Calabasa, CA).
Dil was purchased from Molecular Probes (Eugene, OR). The rhodamine filter that was used with the fluorescence microscope was purchased from Olympus (Lake Success, NY) and the wall-mounted microscope and light microscope with camera lucida drawing tube from Carl Zeiss Inc. (Thornwood, NY). 
RESULTS
In vitro Labeling of Glioma Cell Lines
The (Fig. 2) . 
In vivo Tumor Development
Once the procedures were established, all 20 rats (100%) and 10 mice (100%) developed tumors following injection of 10 6 cultured C6 cells and 4.5 X 10 5 DBT cells, respectively. All 15 symptomatic animals showing lethargy and hemiparesis had large tumors on the left cerebral hemisphere at the site of injection. Five animals developed extraaxial intracranial masses, which were likely the result of subarachnoid injection of tumor cells or direct extension of tumor from the cortex. Fifteen animals with tumors were asymptomatic at the time of death; however, all four symptomatic animals that were not killed within 24 hours progressed rapidly to death. All tumors were Dil positive based on histological analysis.
Magnetic Resonance Imaging
Coronal T 2 -weighted MR images revealed abnormal signal changes in all five rats that underwent imaging. Hyperintense intraaxial masses in the left parietal region were typically found at the injection site. Magnetic resonance images usually were performed once the animal became symptomatic; however, this was associated with a high anesthesia-related rate of mortality (30% of symptomatic animals). One asymptomatic animal underwent imaging on postinjection Day 5 and a mass was present (Fig. 3A) . The following day, the animal became lethargic and hemiparetic and repeated MR imaging revealed significant tumor enlargement (Fig. 3B) . Coronal T 2 -weighted and diffusion-weighted MR images obtained in five mice that were implanted with DBT cells also demonstrated intracranial neoplasms. The masses were hyperintense. The example shown in Fig. 3C illustrates a large extraaxial component that was probably the result of subarachnoid tumor injection or tumor extended from the cortex into the subarachnoid space. Intraparenchymal signal changes seen on diffusion-weighted images were consistent with tumor involvement of the cerebral cortex (Fig. 3D ).
All animals were perfused shortly after the MR images had been obtained to evaluate the anatomical correlation between the MR images and the perfused specimen. All rats and mice in which there was MR imaging evidence of tumor had Dil-positive gross tumors and tissue in the region in which signal change abnormalities were observed on MR imaging.
Fluorescence Microscopy
After they were perfused and removed, the brains were photographed using both incidental and fluorescent illumination. Left cerebral hemispheres were enlarged, compared with right hemispheres, in animals with intraaxial masses (Fig. 4A ) and the left hemisphere was deformed and compressed in those animals with extraaxial tumor involvement (Fig. 4B) . Grossly, all tumors were Dil positive.
Fig. 4. Photographs showing dorsal views of the left side of fixed rat (A) and mouse (B)
brains into which C6 and DBT cells, respectively, were injected. Dil-labeled tumors (asterisks) are red with incidental (A) and bright orange with fluorescent (B) illumination. The edges of the concave cortical impression from the extraaxial mass in the mouse are indicated (arrowheads). The DBT tumor cells in the mouse brain follow the principal branches of the MCA (arrow). The MR images of these animals are shown in Fig. 3 and the level at which the MR image was obtained is indicated by the solid lines in the coronal plane. Anterior is above the line.
Histological sections of brain were examined using fluorescence microscopy. All areas of bulk tumor exhibited positivity for Dil. Some areas of bulk tumor were less fluorescent than other areas; this was related to Dil dilution through mitosis. Dil-positive cells distant from the bulk tumor were seen in the injected hemisphere in all cases. In both C6 and DBT cells, the invasion of tumor cells away from the bulk tumor grew along arterial but not venous trees (Fig. 5) . Generally, invasion away from the bulk tumor was greater in the C6 model than the DBT model, which may reflect inherent differences between the cell lines. 
Cytochrome Oxidase Histological Findings
Cytochrome oxidase staining was performed to visualize the whisker barrel cortex in layer IV of the somatosensory cortex in both injected and noninjected (control) hemispheres to evaluate tumor location and tumor disruption and/or deformation of the barrel cortex. All tumors grossly involved the whisker barrel cortex. In areas of bulk tumor, the barrel field was invaded and its architecture modified (Fig. 6) . Fig. 1 for nomenclature) . B: Similar section from the injected hemisphere demonstrating the disruption of the stained barrel pattern by intraaxial tumor (asterisk). The A1 barrel is displaced by tumor relative to other barrels (see Fig. 7 ). C: Tangential section from cortical surface. Tumor (asterisk) surrounds the MCA.
In areas adjacent to bulk tumor without gross invasion of the barrels, there was also distortion of the normal barrel pattern. A comparison of cytochrome oxidase staining patterns of injected and noninjected hemispheres, as well as barrel field reconstruction using camera lucida techniques (Fig. 7) , revealed the extent to which the tumor distorted the organization of the somatosensory cortex. This distortion of the barrel pattern may be due to a mass effect from the bulk tumor, infiltration of adjacent barrels by tumor, or both. Fig. 7 . Camera lucida drawings made from serial sections demonstrating the full barrel field in the rat (A-C) and the mouse (D-F) 6 and 8 days after implantation of C6 and DBT cells, respectively. Comparison to the barrel field patterns on the uninjected "control" sides (A and D) demonstrates the extent of infiltration into and displacement of the somatotopic barrel pattern (B and E). A: Contralateral (normal) barrel field in the rat. B: Tumor in the barrel field (solid green line outlines the tumor at the surface of the brain; dashed green line outlines the tumor in layer IV) in the rat barrel field with invasion and displacement of the barrels (same rat specimen as seen in Figs. 3-5) . C: Superimposition of the noninjected barrel field on the injected barrel field of the rat reveals significant destruction and displacement of the barrel field by a malignant C6 glioma. D: Contralateral noninjected (normal) mouse barrel field. E: Tumor (outlined by green) over the barrel field of the mouse with distortion of the barrel architecture (same mouse as in that seen in Figs. 3C and D and 4B). F: Superimposition of the injected and noninjected barrel fields of a mouse with a DBT glioma at the cortical surface demonstrating subtle distortion of the barrel pattern with swelling of the barrels, which is probably the result of tumor invasion.
DISCUSSION
Whisker-Barrel Cortex
The large whiskers (vibrissae) on the faces of rats and mice are arranged in rows (Fig. 1) . In layer IV of the primary somatosensory cortex of these rodents, the layout of this cortical representation is seen in whole or can be reconstructed from serial sections tangential to the pia mater. The cortical barrel field is thus a visible rodent equivalent of the "homunculus," in which each barrel corresponds to a specific whisker (Figs. 1 and 7) . Other barrels are related to the smaller hairs around the mouth, on the eyebrows, on the cheek, and at the wrist, and to glabrous pads of the feet. This stereotypical anatomical pattern varies little from animal to animal, permitting comparisons between the normal pattern and changes caused by experimental manipulations as described here. Changes can be measured and evaluated. [32] The detailed function of whisker barrel cortex is also well understood. Two methods that have been used clinically that also have been demonstrated in rodents are of particular interest here: the so-called intrinsic optical signal and functional MR imaging. Both correlate well with barrels during whisker stimulation. [9, 13, 36] 
Effects of Neoplasia on Neurological Function
In the setting of neoplasia, the rodent barrel cortex offers potential insight into the mechanisms through which gliomas impair neurological dysfunction. Neurological dysfunction secondary to gliomas is variable: some patients with large tumors have only minimal symptoms despite extensive involvement of sensory, motor, or other "eloquent" cortex. Intracranial gliomas may reach very large sizes before becoming symptomatic; at which time patients, if left untreated, suffer a rapid decline and subsequent death. [11, 18] This glioma-barrel cortex model appears similar: once the animals became symptomatic, if they were not killed, death occurred in most by 12 hours and in all by 24 hours. Before becoming symptomatic, all animals appeared normal, despite an obviously large tumor volume demonstrated in the barrel cortex.
The exact mechanisms for neurological dysfunction resulting from intracranial neoplasia are unknown. Although probably multifactorial, disruption of neuronal function secondary to brain invasion, mass effect with compression of neural structures, and subsequent cerebral edema of the brain adjacent to tumor, resulting in neuronal dysfunction, are clear hypotheses. These proposals, however, are inadequate because a functional area of brain that is grossly involved with tumor may retain its function when tested intraoperatively. [19, 25] Evidence suggests that even more complex mechanisms, such as the link between local cerebral blood flow and neuronal activation in the region of neoplasia, may be altered or deranged in such a way as to result in neuronal dysfunction. [20] The present model was developed to elucidate these mechanisms because the function of the whisker barrel cortex can be studied physiologically while its distinct architecture provides an ideal context for precise coupling of neuronal dysfunction and histopathology.
The C6 and DBT Cell Lines as Models for Glioblastoma Multiforme
Numerous experiments in which the C6 rat glioma implantation model has been used have demonstrated characteristics consistent with human glioblastoma multiforme. The C6 cells invade the rat brain after implantation and single cells have been detected in the contralateral hemisphere. After implantation, C6 cells also generate bulk tumors, stain positively for glial fibrillary acidic protein, and demonstrate histopathological features of glioblastoma. [2] [3] [4] 6, 7] In the C6 rat implantation model used in this study, invasion away from the bulk tumor grew along arterial, but not venous, trees. This has been seen in other experiments in which C6 gliomas and human gliomas implanted in the rat grew along the vascular basement membrane of arteries, but did not disrupt the vascular lumen. [4, 12] Also, studies have shown that early brain invasion occurs in the region of brain adjacent to the vascular basement membrane. [16] The constituents of the vascular basement membrane, especially collagen type IV, coupled with differences in the extracellular matrix in different structures, may provide the substrate necessary for tumor growth and invasion. [12] The DBT cell line was developed from an intracranial tumor generated by an intracerebral injection of a Rous sarcoma virus. [15] Unpublished data obtained by one of the authors (M.R.C.) indicate that DBT cells have a structure similar to C6 cells grown in culture, are motile and glial fibrillary acidic protein positive, and develop multiple multicellular colonies suspended in gelatinous agar. Injecting these cells into mice, as we did here, also resulted in tumor formation with invasion of cells into the regions beyond bulk tumor.
The Malignant Glioma-Whisker Barrel Model
After preliminary trials to perfect surgical technique, all animals injected with C6 and DBT cell lines developed intracranial tumors in the region of the whisker barrel cortex. Localization of the barrel cortex is reliable when using the techniques described earlier, because the barrel field was involved with neoplasm in all cases. Gross localization of the barrel field in this way (that is, craniostomy rather than craniotomy) permits reoperation for optical imaging with minimal scarring.
The structure of the barrel field allows for precise evaluation of histopathological conditions induced by malignant gliomas. The barrel field also allows for physiological study of cortical activity through optical imaging techniques. [9, 13] In fact, precise localization of a single barrel through stimulation of a single whisker has been demonstrated, as well as quantitative changes in the diameter of pial vessels in response to whisker stimulation. [10] Also, single-unit electrical recording from the somatosensory barrel cortex can be used to evaluate the electrophysiological properties of cortical function in this region. [24] Subsequent studies using this model coupled with the aforementioned techniques may yield qualitative and quantitative physiological data of functional cerebral cortex and its response to malignant gliomas.
Examination of rodents by using MR imaging provides numerous opportunities to develop our understanding of these malignant glial neoplasm. This study shows that these neoplasms can be followed with serial MR imaging, which allows for quantitative growth estimates in vivo. However, volumetric studies in which MR imaging signal abnormality volume and histological tumor volume are compared need to be performed. Studies of patients have shown that areas of T 2 signal abnormality distant from bulk tumor have histopathological evidence of neoplastic involvement. [14] In the current study, T 2 -weighted and diffusion-weighted MR images demonstrated signal abnormality in the region of the barrel cortex and corresponded well with the anatomical location of the tumors based on the histological sections; however, the signal change was more extensive than of bulk tumor found histologically. Further studies are necessary in which MR imaging is used to establish volumetric data as well as studies utilizing functional MR imaging to help evaluate cortical function in the presence of invasive gliomas.
Magnetic resonance imaging also offers the potential to assess responses to therapeutic measures such as surgery, radiation and chemotherapy. Conversely, changes in cortical function may also be assessed following therapy using this model.
CONCLUSIONS
These studies demonstrate that the DBT and C6 glioblastoma cell lines reproducibly generate malignant glial tumors in the whisker barrel cortex of mice and rats, respectively. Fluorescent labeling permits precise visualization of the anatomical patterns of growth and invasion of these tumors in relation to the ordinarily highly ordered cytoarchitecture of the rodent barrel cortex. Tumor growth disrupts the barrel cortex by microscopic invasion and by gross tissue deformation.
Magnetic resonance imaging demonstrated the anatomical extent of DBT and C6 rodent gliomas in live animals. The growth of these tumors was followed sequentially with MR images obtained at daily intervals. Further evaluation of the effects of malignant glioma growth on functional cerebral cortex based on this model could improve our understanding and management of patients who experience neurological deficits from these tumors.
